Introduction
Unlike aerobic digestion the anaerobic fermentation can be characterised by a lower microbial energy consumption and biomass growth. The energy produced during substrate conversion is saved in form of methane, which can be further utilized as an energy source. The anaerobic systems tend to instabilities caused mainly by overloading or inappropriate operating conditions. Models help to describe and understand the degradation steps within a fermenter. Therefore they may be used to improve the design and operation of the biogas reactors. Models of lab scale tests allow a better data interpretation as well as deliver helpful information for the scale-up. The complexity of a model is always defined by how accurate the different processes of the system should be described and what the model destination is. For simulation of anaerobic processes models describing aerobic systems were adapted.
The simplest model to describe the biomass degradation by microbial culture is the first order model. In its equation it defines the substrate utilisation rate as function of substrate concentration only (s. Eq. 2, Chapter 3.2). Many aspects such as heterogeneity of the substrate, microbial growth and decay, as well as any sort of inhibition are not included in the equation. The 1 st order kinetics is widely applied in the literature to model the hydrolysis step in anaerobic digestion (BATSTONE et al., 2002) . Moreover 1 st order approach is applied to model anaerobic digestion of slower degradable substrates, for which the substrate disintegration/hydrolysis is considered as a rate limiting step (Llabres-Luengo and Mata-Alvarez (1987) , Hahimoto (1989) , Turick et al. (1991) , MataAlvarez et al. (1993) , Sanchez et al. (1996) , Rao and Singh (2004) ).
Another group of models commonly used to describe kinetics of anaerobic digestion is based on the Monod equation (MONOD, 1950 , KNIGHTES & PETERS, 2000 . A model of Monod type is a function of substrate concentration but includes the influence of the bacterial growth and decay on the digestion process. Neither degradation of complex substrates (Te Boekhorst et al., 1981; Pfeffer, 1974) nor the lag phase or inhibited digestion can be precisely described by the model (Strigul et al., 2009) . To improve the accuracy of Monod model in anaerobic digestion further upgrades were introduced, considering different physical and biological effects and various inhibition terms as well as other physical factors (MOSER, 1958; CONTOIS, 1959; POWELL, 1967; CHEN & HASHIMOTO, 1980; BERGTER, 1983; MITSDÖRFFER, 1991) . Different kinetic models of this kind are reviewed extensively by PAVLOSTATHIS & GIRALDO-GOMEZ (1991) , GARCIA-HERAS (2003) and GERBER & SPAN (2008) .
Anaerobic Digestion Model No. 1 (ADM1) is the most comprehensive model applied in the field of anaerobic digestion. The model describes disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis steps. But even ADM1 considering 19 biochemical kinetic processes combines the basics of simple first order kinetics for hydrolysis step with Monod-type kinetics used for all intracellular biochemical reactions and the inhibition functions (BATSTONE et al., 2002) .
Although a lot of research has been done on modeling of anaerobic digestion steps especially for solid waste (e.g. Chen & Hashimoto, 1980; Kiely et al., 1997; Kalfas et al., 2006; Sosnowski et al., 2007; Boubaker & ridha, 2008; Liu et al., 2008; Vavilin et al., 2008; Qu et al., 2009) or waste water treatment (e.g. Batstone et al., 2002; Feng et al., 2006; Tomei et al., 2008; Boubaker & ridha, 2008) , not so many results can be found on modeling of agricultural biogas production (Hill & Barth, 1977; Simeonov et al., 1996; Angelidaki et al., 1999) and only a few consider the digestion of energy crops (Wichern et al., 2008 (Wichern et al., & 2009 Beierlein et al., 2010) . The developed models, in particular the most complex ADM1, show high complexity and include a great number of parameters, which improve the accuracy of the model on one hand, but create implementation difficulties on the other hand as in many cases all data required by such models cannot be collected. Further there is no extensive comparative study on influence of change of operating mode (batch, semi-batch, continuous model) on the kinetics of anaerobic digestion.
The aim of this study was to use a kinetic model as simple as possible to describe the substrate degradation in batch, semi-batch and continuous experiments under similar conditions. In this way the modelling approach easily applicable in biogas praxis was targeted. Further, the results presented in this paper should help to close the research gap in the field of modeling energy crops digestion under thermophilic conditions especially by creating the links between different operating modes (batch, semi-batch, continuous mode) and organic loading rates.
Experimental part

Substrate and inoculum
The inoculum for batch, semi-batch and continuous series was obtained from a 50 l continuously fed research fermenter charged with maize and grass silage only and operated at thermophilic conditions (55°C). Guidelines for the fermentation of organic material were followed (VDI, 2004) . The inoculum used in batch series was recycled and reused in semi-batch and further in continuous experiments. In this way an optimum substrate adaption was attained. The details of the inoculum preparation method were described by Golkowska and Greger (2010a) .
The volatile solids (VS) content of inoculum ranged between 1.2-1.8 % of fresh mass (FM) and 54 to 59% of dry mass (DM) content, except for the batch series with maize at 5.7 kgVS/m 3 . In this test the VS of the inoculum constituted only 0.59 % of FM.
The ensilaged maize of two harvests was used in the experiment (MZ I for batches and semi-batches and MZ II for continuous tests). After delivery the ensilaged maize was chopped into 5 mm fibers, stored frozen and defrosted at low temperatures (4°C) about 24h before charging of the fermenters.
The composition of maize silages was analyzed by Van Soest and Weende method. A further correction of dry matter (DM) content was done according to Weißbach and Kuhla (1995) . This allowed the calculation the substrate DM increased by the amount of volatile fatty acids (VFA) lost by volatilization during DM determination. The corrected composition of both maize silage harvests is given in Tab. 1. The total degradability of maize was calculated according to formula given by VDI (2004) , excluding the lignin content regarded as non-degradable. The calculated biogas yield from the silages equaled 742 l N /gVS for MZ I and 743 l N /gVS for MZ II.
Tab. 1 Composition of maize silages MZ I and MZ II including the corrections of VFA loss according to Weißbach and Kuhla (1995) Only the part of the experimental set up and analytical methods relevant for this paper is presented in this chapter. The results irrelevant for the part of the study described in this article were displayed and analyzed in separate publications (Golkowska & Greger 2010b , 2012a .
Batch experiments
Batch experiments were conducted in 1 l fermenting bottles filled with 700g of inoculum each. In all batch series the reactors were opened only once at the beginning of the experiment as the substrate was introduced into reactor. For each experimental series 12 -18 reactor bottles were prepared and run parallel under the same conditions. The higher OLR was investigated, the more reactors were run in parallel. This was essential due to a longer GP period creating the necessity of more reactor samplings.
For each series a separate reactor was run with the inoculum only to qualify the background production. Depending on the investigated OLR 6-13 reactors were used for sampling purposes. At particular stages of digestion the reactors were stopped, then the digestate was homogenised by shaking and sampled for DM and VS content. Each time only one reactor was stopped for sampling purposes. Once stopped, the reactor was not used for the further study to prevent the disruption of digestion by air inflow.
The daily and total mean GP value, as well as the statistical significance of the GP (expressed in standard deviation), were calculated basing on the GP received from 2-3 biogas reactors. The digestion was regarded as completed when the GP was smaller than 5 ml within a period of 3 days.
Semi-batch and continuous experiments
The experimental series in semi-batch and continuous mode were prepared in the similar way. Fermentation took place in 2 l fermenting bottles filled with 700g of inoculum each. In each series all reactors were charged 10 times: in semi-batch every third day while in continuous mode every day. This means that the full charging period in semi-batch lasted for 30 days while in continuous mode the feeding period was terminated after 10 days. During continuous digestion at OLR of 11.7 kgVS/m 3 several signs of digestion disturbance (the olfactometric analysis of the biogas, the low GP and its final cease) caused the experiment being terminated already after the feeding 6.
For each test series and experimental mode a set of 8 fermenter bottles was run in parallel. One reactor was used for capturing the background production. The GP from 2 reactors was measured and used to calculate the mean and total GP as well as the statistical significance of the measured values (expressed in standard deviation). The reactors were reopened for the feeding purposes. After the feeding period the substrate was left in the reactors until the GP ceased, which was assumed when the GP did not exceed the sum of 5ml for a 3-day period.
For direct comparison of semi-batch and continuous mode results a daily OLR was calculated for semi-batch mode by dividing of total single OLR by the period of 3 days corresponding to the length of a feeding interval (for details s. Golkowska, 2011) .
Biogas volume and volatile solids
The biogas was collected in a gas trap by displacement of saturated saline water to minimize biogas solubility in the water. 3 Model development
Volatile solids data
In the batch tests the VS of the reactors was regularly measured during degradation.
These values were used to calculate substrate degradation level. The results turned out to be inconsistent and varied considerably. For some tests e.g. 5.7 kg VS/m 3 measured VS values were not following a decreasing trend (s . Fig 1, S_measured_VS) . Similar difficulties occurred in further experiments for different substrates and temperature modes (Golkowska, 2011) . The observed problems were connected to the specific of the material (substrate and inoculum) used in the study. In the reactors maize was floating on the inoculum surface during sampling. Furthermore, as noticed already by CHEN & HASHIMOTO (1978) , some VS volatilise during DM and VS determination, which causes additional inaccuracy in calculating the VS amount. Consequently the VS values were not exact enough to be used for further analysis. in which not the methane but biogas data was implemented (s. Eq. 1). This approach allowed a more accurate substrate to product conversion and gave satisfactory data for
modelling. An exemplary comparison of VS substrate degradation calculated from VS values and from biogas data is presented in Fig. 1 . 
Substrate degradation kinetics
In the study the first order kinetics was applied to fit the degradation curves (s. Eq. 2). In modelling usually this kinetic approach is used to fit the hydrolysis step of anaerobic digestion or degradation of slowly biodegradable substrates, for which disintegration/hydrolysis can be considered as the rate limiting step. In the following approach no intermediate steps were considered. The curve fitting was done following the least squares method. 
Results
In the initial approach measured substrate uptake data were fitted with the similar value of first order kinetic constant. However no good data fit was obtained by the model.
Consequently different kinetic parameter values were adapted separately for each degradation curve.
The 1 st order curves were fitted for 3 OLRs in batch (s. Fig. 2 ), 3 OLRs in semi-batch and 2 OLRs in continuous mode (exemplary curves shown in Fig. 3 ). The complete set of kinetic parameters received for 1 st order fit for all operating modes is presented in Tab.
3 and Tab. 4. In general a good 1 st order fit was achieved for the substrate degradation independent of OLR and operating mode. In batch mode, the lower the OLR was, the faster degradation rate could be observed. A stronger decrease of 1 st order constants was observed between 5.7 kgVS/m 3 and 11.5 kgVS/m 3 while the difference between parameter values fitted for 11.5 kgVS/m 3 and 17.3 kgVS/m 3 was not that explicit. For 11.5 kgVS/m 3 in batch mode the fitted k value of 0.26 d -1 (k b ) was by 28% lower than for 5.7 kgVS/m 3 (k a ). A further reduction of k from 11.5 kgVS/m 3 to 17.3 kgVS/m 3 reached only 5% of the parameter value k a (s.
Tab. 3).
Tab. In semi-batch and continuous experiments each feeding was modeled separately.
Certain feeding periods were excluded from modeling as not sufficient number of GP data was available (s. Fig. 3 and Tab Turick et al. (1991) , Mata-Alvarez et al. (1993) , Sanchez et al. (1996) , Rao and Singh (2004) successfully used 1 st order model for kinetic study of substrate degradation (straw, municipal solid waste, woody biomass, fruit and vegetable wastes, sugar mill mud), for which the availability was considered as the digestion limiting factor. However in those research projects no pre-treated substrate was used. This suggests that the anaerobic digestion at the lowest OLR continued always with the highest rate and for each of the operating modes tested the lowest OLR can be assumed as the most optimal to obtain the fastest conversion. It cannot be excluded that a lower not investigated OLR would give even higher digestion rates.
According to kinetic coefficients the stable digestion rate was achieved for 5.9 kgVS/m 3 in both continuous (~5.9 kgVS/m 3 daily) and semi-batch mode (~5.9 kgVS/m 3 per 3 days = 2.0 kgVS/m 3 daily), even though in semi-batch this state was attained already for the third feeding period (k 3 ) while in continuous mode only for the eighth one (k 8 ). A steady digestion pattern can also be presumed for 4.1 kgVS/m 3 in continuous mode beginning with k 9 but the feeding stop after the 10 th charge did not allow the verification of this presumption. A longer experimental series would be required to confirm the findings. According to the kinetic parameters the anaerobic biocenosis managed to degrade nearly the same substrate amount within a two times shorter period. The increase of bacterial productivity with shortening of retention time was also confirmed by the specific gas production rates measured for the same experiments, even though these values suggested the raise of the degradation rate even by a factor of three (Golkowska, 2011) . Such high and fast adaption ability to the increased feeding frequency and higher daily OLRs was not reported elsewhere. The discrepancy between the modelling and specific gas production data can be seen as a consequence of the modelling curves fitting in semi-batch more data points than in continuous mode. This was not the case in the semi-batch and continuous series, in which only sporadic small amounts of effluent for analytical purposes were taken out of the reactor.
digestion for the slowly degradable fractions of maize. Such data can be helpful to biogas plant designers for the dimensioning of a secondary digester/storage tank of a plant charged with maize silage.
Conclusions
The results of the presented modelling approach revealed that the simple 1 st order fitting can help in analyzing performance of a biogas fermenter fed with ensilaged maize even if the GP is the only available process parameter. However, the applicability of the 1 st order modeling for different energy crops cannot be assumed, since it strongly depends on the substrate composition and degradation performance.
The applicability of the 1 st order fit for modelling of anaerobic degradation of maize despite the ensiling pre-treatment shows, that primarily the disintegration/hydrolysis step determined the total degradation rate of the substrate. The analysis of first order rate coefficients revealed two inhibited OLRs (17.6 kgVS/m 3 in semi-batch and 11.7 kgVS/m 3 in continuous mode). An extremely high adaption capability of anaerobic biocenosis to increased loading frequency was shown in semi-batch and continuous tests. The highest substrate to biogas conversion rates were measured for the lowest investigated OLRs for all operating modes, nevertheless the stabilized digestion was measured for 5.9 kgVS/m 3 both in semi-batch and continuous mode. No further conclusion considering the digestion stability for particular OLRs or optimum OLR can be done, since too short period of digestion was investigated for such observation.
